The colon absorbs Na, Cl, and water and secretes potassium and HCOS (22, 28) . F ur th er, in contrast to the small intestine, Na transport by the colon is increased by mineralocorticoids, but active absorption of nonelectrolytes is not observed (3, 4, 10 balance. These studies demonstrate that both Na and Cl are actively absorbed and provide a mode1 to describe electrolyte movement in the murine colon.
METHODS

Nonfasting
Sprague-Dawley male rats weighing between 300 and 350 g were used in all experiments.
The apparatus and methods have been described in previous experiments (24, 25) on rabbit and guinea pig ileum and were modified for these studies of rat colon. Following sacrifice, the entire colon excluding the cecum was excised, rinsed with the Cl absorntion were nresent (Table  1) . When Na and Cl to the bathing solution by 4% agar bridges attached to a direct-reading potentiometer. The composition of the electrolyte solution in the agar bridges was that of the bathing solution used in that experiment.
Except for periods of less than 30 set required to read the PD, the tissue was automatically and continuously short circuited so that the PD was nullified; current was passed via Ag-AgClt electrodes and agar bridges. The PD was expressed with the serosa positive in respect to the mucosa, and the direction of the I,, was, by convention, the same as the PD. Oppositely directed Na fluxes were determined simultaneously with 22Na and 24Na on the same piece of tissue, and Cl fluxes were determined with 36C1 on adjacent pieces of tissue. After mounting, the tissue was short circuited and radioactive isotopes were added to the mucosal or serosal solutions or both. The "hot-side" solutions were sampled at zero time and beginning 10 min after the isotope addition, the opposite bathing solution was sampled every 20 min for 40-120 min. Details of the counting procedure have been previously described net fluxed were evaluated as a'function' of time, both tended to decline over the 80-min period of flux measurements, whereas the I,, remained constant ( Fig. 2 ). For example, J fi",", was 3.6 pEq/hr *cm2 in the initial 20 min, but was 2.1 pEq/hr.cm2 in the fourth period; similarly, JzL, was 3.1 and 0.9 pEq/hr *cm2 in the initial and final period, respective] y.
With 10 mM glucose present in both the mucosal and serosal bathing solutions, significant increases in both Na and Cl fluxes without alteration of the I,, were observed ( Fig. 2 ). Both J,",", and J$ were now stable with respect to time. Table 1 presents the unidirectional Na and Cl fluxes for both the glucose and glucose-free experiments. The presence of 10 mM glucose increased both Jzz and Jzs without altering either JF$ or JfA.
In three pieces of tissue, net Na fluxes were determined for 40 min in the absence of glucose, after which 10 mM glucose was added to both mucosal and serosal solutions. Following the addition of glucose, I,, did not change; however, 10 mM glucose increased net Na absorption! to values observed when the tissue was initially incubated with glucose in the media. Prior to the addition of glucose J n","t was 2.5 pEq/hr *cm2 and increased to 8.0 pEq/hr *cm2 60 min after glucose was added (cf. Fig. 2 ). Additional experiments were performed to evaluate the effect of tissue preparation, the location of the substrate, and the type of substrate on this striking augmentation of the net Na transport by glucose. In an additional six tissues, bidirectional Na fluxes were performed in the presence of 10 mM glucose across full-thickness mucosa. The presence of the outer layers is associated with significantly lower net and unidirectional fllxes ( -x\ x-x-x 3-0-MG experiments than controls, JFe: was similar to the substrate-free studies. To evaluate further the significance of the higher Ise in the presence of 3-0-MG, 20 mM 3-0-MG was added to tissue bathed in the substrate-free Ringer and no change in I,, was noted. experiments with the mucosa stripped of the serosal and part of the muscular layers. The I $c values were similar in both the full-thickness and stripped preparation. Net Na transport was determined in an additional series of studies in which glucose was present on only the mucosal side, or on only the serosal side, and in which 10 mM fructose and 20 mM 3-O-MG were present on both sides. Table 3  demonstrates that the presence of fructose did not alter the Lc or J:: compared to those observed in the substrate-free Ringer solution.
In the experiments in which glucose was present only on the mucosal or serosal side, 10 mM mannitol was added to the opposite solution to maintain isotonicity. The presence of glucose on the serosal side increased Jzi more than the presence of glucose on only the mucosal side, but this increase in Jzz was less than that demonstrated when glucose was present on both sides. Although in the colon, unlike in the small intestine, glucose is not actively transported (lo), and JEit was studied. Table 4 presents the results of these experiments SHORT-CIRCUIT CURRENT.
Removal of sodium produced the most marked effect on I,,. In either the presence or absence of glucose, replacement of Na with choline resulted in a marked reduction in I,,, so that a negligible I,, (0.3 k 0.1 and 0.2 & 0.1 pEq/hr l cm2, respectively) was recorded. Removal of Cl resulted in a modest decrease in L, and I,, in a HCOa-free solution was slightly higher compared to that observed in the Ringer solution.
NET NA TRANSPORT.
In absence of glucose, there was a slight increase in JFet in the HCQ-free, Cl-containing solution compared to that in the Ringer solution; while in the Cl-free, HCOs-containing solution, Jn","t was somewhat diminished, corresponding to the decrease in I sc: . However, the striking effect of the removal of either HCO~ or Cl on net Na transport was observed in those fluxes performed in the presence of 10 mM glucose. In contrast to the effect of glucose on J,"," in Ringer solution (Fig. Z) , in both the HCO3-free and in the Cl-free solutions, Jfe: in the presence of glucose was only minimally greater than that observed in the absence of glucose. In the presence of glucose, Jzz in the HCOa-free and Cl-free solutions was 4.0 =t 0.3 and 2.3 =t 0.3 pEq/hr . cm2, respectively; that in the Ringer solution was 8.8 =t 0.3 pEq/hr l cm2.
NET CL TRANSPORT.
Similar experiments
were performed in which Cl fluxes were determined in HCOZ-free and in Nafree solutions. In the Na-free experiments, despite the presence of net Cl absorption was also increased to 5.3 & 0.7 pEq/hr cm2. However, the presence of glucose did not increase net Cl absorption; these results are similar to the effects of HCOZ removal on Jzct in the presence of glucose. Therefore, the removal of either Na or HCOS inhibited net Cl transport in the presence of glucose. Jzit in the glucose-Ringer solution was 9.1 =t 0.9 pEq/hr -cm2 compared to 4.2 & 0.7 and 2.9 5 0.8 $Zq/ hr .cm2 observed in the HCOS-free and Na-free solutions, respectively. from serosa to mucosa. Conversely, a negative JR represents either cation movement from serosa to mucosa or anion movement from mucosa to serosa. In the glucoseRinger solution, the residual flux is small ( -1.3 + 1.0 pEq/hr . cm2) ; however, the removal of either Na, Cl, or HC03 results in the demonstration of significant residual fluxes (Table 4) . A significant positive JR is present in the Na-free solutions with and without glucose (3.2 and 3.3 j&q/'hr l cn?, respectively).
Furthermore, in the Cl-free solution a significant negative JR is present (Table 4) . EJect oj' varying Na concentrations. The augmentation of J ,","t and JEi, observed in the presence of glucose can be interpreted to represent neutral NaCl transport. Measured net Na transport in the glucose experiment is, therefore, the sum of " electrogenic" Na transport (indicated by the observed I,,) and neutral Na transport (determined by the difference between Jf$ and I,,). Therefore, in order to evaluate further the characteristics of these two Na systems, net Na transport was determined both in the presence and absence of glucose at several Na concentrations.
At each Na concentration, I,, was not altered by glucose, but Jzet was always increased by the presence of glucose. Both systems (i.e., electrogenic and "neutral") are Na dependent, but the electrogenic system is saturated at a much lower Na concentration (Fig. 3A) . When these data were analyzed by the double-reciprocal method of Lineweaver and Burk, different values for both the apparent Michaelis constant (I&) and maximal transmural transport (J& were obtained (Fig. 3B) , The Jmax and K, of the neutral system were significantly greater than those of the electrogenic system. The K, of electrogenic Na transport and of neutral Na transport were 5.9 and 56.2 mM, respectively.
Similarly, Jrnax of these two Na-absorptive systems were 1.4 and 13.7 pEq/hr g cm2, respectively. E'ffect of acetasolamide. Because both Na and Cl transport in the presence of glucose appear dependent on the presence of HCOZ , studies with acetazolamide were performed in the presence of glucose. Although acetazolamide did not alter L p Jre: and Jfi, were markedly diminished by 10 nz~ acetazolamide (Table 5) . Acetazolamide decreased JFet from 9,6 & 0.4 to 1.3 & 0.5 pEq/hrcm2 and Jzitfrorn 9.1 =t 0.9 to 0.2 + 0.8 &q/hr cm2. I,, (1.0 ,uEq/hr l cm2) was now completely accounted for by measured Jze: (1.3 pEq/hr l cm2) and significant net Cl transport was no longer present. A residual flux was absent. At a lower concentration ( 10m4 M), acetazolamide also inhibited Jn","t (2.3 =tz 0.6 pEq/hr g cm2).
DISCUSSION
Information concerning large intestinal water and electrolyte balance has been derived from several sources (3, 7, 8, 13, 22, 28) . Comparison of ileostomy contents with fecal material provided an initial, though gross, method of examining ion movement in the colon. During perfusion of segments of large intestine, Na and CI are absorbed as their concentration falls, and HCOS and potassium are secreted (3, 15, 27) . Since a large negative (mucosa relative to serosa) PD is recorded in the normal in vivo colon, it has been concluded by these types of analyses that Na is absorbed and HCOS is secreted against an electrochemical gradient.
Most of these studies have suggested that Cl is probably not absorbed by an active mechanism, but that its movement is related to HCOZ secretion and that potassium secretion most likely can be accounted for by the existing electrical gradients (8, 13, 16, 27). Despite general agreement regarding this overall description of large intestinal electrolyte movement, significant divergent data have prevented firm conclusions regarding the mechanism of ion transport in the colon. In these studies in a substrate-free, HCOZ-Ringer solution, we observed net Na transport which was greater than the recorded I,, . Net Cl absorption was also present. Of possible significance was the observation that both Jn","c and Jz& decline with time although I,, remains stable (Fig. 2) . The presence of glucose produced substantial'increases in both Jz and Jzit without any change in I,, . Further, the time-related decline of net Na and CI fluxes was not observed in the presence of glucose. In the absence or in the presence of glucose, measured Na and Cf transport essentially account for the entire I,, . The effect of glucose is most likely that of an energy source stimulating Na and Cl transport since in the colon, unlike the small intestine, glucose is not actively transported ( 10). Further support for the role of glucose as an energy source is provided by the observations that: I) 3-O-methylglucose, a nonmetabolized hexose, does not increase Jn"," ; 2) with glucose present on only the mucosal side, a minimal increase in Jzet is observed; 3) a larger increase in Jz$ is recorded when glucose is placed only on the serosal side; 4) failure to remove the serosal and muscular layers and thereby presumably impeding glucose entry into the epithelial cell from serosal media diminishes the effect of glucose on JFz ; 5) the decrease in both Na and Cl transport with time in the absence of glucose may be but another manifestation of this substrate dependency.
Parsons and Paterson (21) have previously reported experiments somewhat comparable with our observations+ In their studies of water absorption in the rat colon, an in vitro everted-sac preparation was utilized in which the serosal and muscular layers were also removed. They demonstrated that the presence of glucose on the transmucosal side (i.e., in the serosal media) markedly stimulated water movement, but that the increase of water movement over that observed in the substrate-free media did not occur when either fructose or 3-0-MG was present. The failure of fructose, a metabolizable hexose, to stimulate this neutral system is perhaps contradictory to the concept that glucose acts as an energy source. However, it is not known whether fructose is metabolized by or penetrates the rat colon. These results would suggest that Na is absorbed by two transport systems : an electrogenic system which is measured by I,, and a neutral or coupled system which is reflected both by that component of Jrei which is greater than Is, and by J::t -Since the presence of substrate does not alter the I 6c, glucose does not affect the electrogenic system. The neutral system, on the other hand, appears markedly dependent on exogenous substrate. These present results contrast with previous in vitro studies that have examined the mechanism of ion transport in amphibian, rat, and human colon and guinea pig cecum (6, 7, 9, 16, 18, 30) . Although Cofrk and Crabbe (7) reported that, in the toad colon, I,, was accounted for by net Na transport, other studies by Ussing and Andersen (30) in guinea pig cecum and by Grady et al. (18) in the human colon have suggsted that Jzet may be greater than I,, . Cooperstein and Hogben (9), on the other hand, observed in studies of Rana catesbeiana that Jret was slightly less than I,, but that Cl transport was not present and suggested that active HCOZ secretion might be involved. Detailed examination of colonic electrolyte transport in the toad colon has recently been provided by Carlisky and Lew (6) and Lew (20) . In these studies Lew proposed that HCOs secretion by the colonic mucosa could best explain the observation that I,, is greater than Jfi",", . These studies also failed to observe active Cl transport.
Differences between these previous results and our present experiments may be accounted for by species differences in addition to differences in the ionic composition of the solutions, presence of substrate, and preparation of was approximately 45 % less than that observed in these studies; however, he has not as yet reported flux determinations in in vitro studies similar to these present experiments.
The simplest model to explain our observations is coupled Tc'aCl movement plus a small component of both Cl-independent Na transport and Na-independent Cl transport ( Fig. 4A) , or alternatively independent Na and Cl transport moving from mucosa to serosa at approximately the same rates. The latter possibility seems unlikely since the I,, neither increased when Cl was removed from the media nor reversed when Na was removed. The neutral system, which appears exquisitely sensitive to exogenous substrate, can be quantitated by the difference between Jz and I,, . There is Smyth (1) and Barry, Smyth, and Wright (2) have reported that fructose stimulates water and Na absorption without increasing the PD in rat small intestine. In the guinea pig -ileum, when studied in a system similar to that employed in our studies, fructose increased Na and Cl absorption without appreciably altering either the PD or I,, (5). Glucose increased both electrogenic Na absorption and neutral Naanion secretion and 3-0-MG increased only Na absorption (5). Similar results were obtained in studies of electrolyte -r transport across rabbit ileal mucosa (unpublished observations).
Our results and those performed on the small intestine indicate that neutral transport systems (either those resulting in absorption or in secretion) appear to require optimal availability of substrate for expression when studied in vitro, in contrast to electrogenic transport systems that are not augmented by increased substrate.
This requirement for metabolizable substrate obviously complicates comparison of in vitro and in vivo studies since in vivo studies presumably are, by their very nature, always provided with sufficient substrate through vascular perfusion. If electrogenic and neutral Na transport are both driven by the basal-lateral Na-extrusion pump, then the mechanism of anion entry into the epithelial cell might distinguish neutral from electrogenie transport.
If this proposed relationsip between neutral and electrogenic Na transport is correct, then it would be the mechanism of Cl entry that is substrate dependent. Studies designed to examine Na and Cl influx across the brush border of the large stantiate this hypothesis.
intestine will be required to subAdditional support for two Na-transport systems is provided by the striking differences provided by kinetic analysis (Fig. 3) . The neutral system has a significantly higher Jlnax and K, than the electrogenic system. One might speculate, therefore, that the ability of the large intestine to absorb large quantities of Na from solutions with both high and low Na concentrations is accomplished by an interplay of these two systems. The electrogenic system has characteristics of high affinity but low capacity and the neutral system, those of low affinity but high capacity. However, this model of coupled NaCl transport by itself does not explain the in vivo observation that HCOZ secretion is linked to Cl absorption.
Detailed analysis of the results in the presence of glucose should provide a characterievidence available that other neutral transport systems in zation of the coupled NaCl process since this neutral process the intestine are substrate dependent.
Barry, Egonton, and is best observed in the presence of exogenous substrate. In
